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Abstract 

Hydrogen  is  separated  from  a  hydrogen/nitrogen/carbon  dioxide  mixture  by  an  electrochemical  separation  method.  By  applying  a  direct 
current  to  a  proton-conducting  membrane,  hydrogen  can  be  electrochemically  dissociated  on  the  platinum  catalyst  of  the  anode,  transported 
across  the  hydrated  cation  exchange  membrane,  and  then  recovered  on  the  catalytic  cathode.  The  operating  principles  and  advantages  of 
the  electrochemical  hydrogen  separation  method  are  described.  The  effects  of  temperature  and  pressure  are  examined  and  the  optimum 
operating  conditions  are  determined.  Increase  in  cell  temperature  enhances  the  purity  of  hydrogen  and  the  power  efficiency.  The  pressure 
of  the  feeding  gas  increases  both  the  performance  and  the  amount  of  hydrogen  product,  but  decreases  the  purity  of  the  hydrogen  because 
of  the  increasing  permeation  flux  of  impurities,  i.e.,  nitrogen  and  carbon  dioxide.  High  purity,  (99.72%)  hydrogen  can  be  achieved  from  a 
low  purity  (30%)  feed  via  a  two-stage  separation  process  at  700  mA  cm-2. 
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1.  Introduction 

Stable  operation  of  a  polymer  electrolyte  membrane  fuel 
cell  (PEMFC)  on  a  feed  stream  of  reformate  gas  is  essential 
in  demonstrating  the  utilization  of  PEMFCs  for  power  gen¬ 
eration.  In  recent  years,  there  have  been  numerous  studies  to 
lower  the  levels  of  impurities  that  can  be  present  in  hydrogen 
fuel  for  PEMFCs.  For  instance,  a  catalytic  steam  reformer 
for  the  oxidation  of  methanol  has  been  used  to  generate  a 
hydrogen-rich  gas  mixture  that  is  suitable  for  the  fuel  cell  an¬ 
ode.  The  reforming  reaction  does  not,  however,  provide  pure 
hydrogen;  rather,  it  produces  a  mixture  of  gases,  namely,  H2, 
CO2,  N2  and  CO.  Although  this  mixture  is  hydrogen-rich, 
the  other  components  can  restrict  the  performance  of  the  an¬ 
ode  severely  [4,5].  Thus,  an  efficient  means  for  separating 
pure  hydrogen  from  the  other  constituents  and  several  stud¬ 
ies  have  examined  the  membrane  separation  process  [6]. 

Gas  separation  through  membranes  was  commercialized 
after  the  introduction  of  the  Prism  process  by  Monsanto  two 
decades  ago  [1-3].  Though  originally  intended  for  hydro¬ 
gen  recovery,  this  process  is  now  being  used  for  the  removal 
of  various  other  components,  most  notably  carbon  dioxide, 
from  mixtures  on  an  industrial  scale.  The  separation  of  un¬ 
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charged  species  in  a  typical  membrane  process  is  driven  by  a 
chemical  potential  gradient.  A//,  according  to  the  equation: 

Ain  =  m  -  ii'i  =  RTln  (^j  (1) 

where  a;  denotes  the  activity  of  species  i  in  the  contami¬ 
nated  phase;  ct!i  represents  the  actively  of  species  i  extracted 
phase.  General  membrane  separation  depends  upon  a  pres¬ 
sure  gradient  to  drive  one  component  of  the  mixture.  Pres¬ 
sure  differences  of  several  hundred  pounds  per  square  inch 
are  typical  for  this  separation.  The  process  does  not  pro¬ 
duce  a  high-purity  product,  nor  does  it  remove  one  compo¬ 
nent  with  perfect  selectivity  [7].  One  attempt  to  solve  these 
problems,  has  been  the  electrolytic  transport  of  hydrogen 
in  the  form  of  protons  across  a  solid  polymer  electrolyte  in 
an  electrolysis  cell  [8,9].  By  applying  a  direct  current  to  a 
proton  exchange  membrane,  hydrogen  can  be  electrochemi¬ 
cally  transported  across  the  membrane.  In  an  electrochemi¬ 
cal  separation,  an  electrochemical  potential  difference,  A  ft, 
can  provide  a  driving  force  across  the  membrane: 

Ajii=RT\n(^j+ZiFA0i  (2) 

where  A&  represents  the  applied  electric  potential;  z,  the 
charge  on  species  i,  F  is  the  Faraday  constant.  The  electro¬ 
chemical  membrane  method  requires  only  an  external  elec- 
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trie  potential  and  no  pressure  nor  concentration  gradient. 
Electrochemical  membrane  separation  can  produce  selec¬ 
tivity  and  efficiency  that  are  considerably  superior  to  those 
achieved  in  chemical  membrane  separations.  This  is  because 
the  electric  potential  difference  in  the  former  method  affects 
only  the  charged  species. 

Many  studies  [10-12]  have  demonstrated  that,  by  improv¬ 
ing  the  conductivity  of  electrolytes  and  designing  devices  for 
the  separation,  the  removal  or  the  supply  of  hydrogen  from 
a  hydrogen  containing  atmosphere  can  be  achieved  with 
a  SrCeC>3-based  proton  conductive  solid  electrolyte.  These 
high-temperature-type  proton  conductive  ceramics  are  used 
as  electrolytes  in  solid  oxide  fuel  cells  (SOFCs)  and  can  be 
operated  stably  at  800-1000  °C. 

In  the  present  work,  the  separation  of  pure  hydrogen 
from  a  hydrogen/nitrogen/carbon  dioxide  mixture  by  a 
low-temperature  electrochemical  separation  system  is  in¬ 
vestigated.  The  apparatus  for  separating  hydrogen  is  similar 
to  that  used  in  a  PEMFC  for  producing  an  electrical  current. 
Therefore,  the  electrochemical  parameters,  i.e.,  activation 
loss,  ohmic  loss,  and  mass  transport  loss,  are  generally  in 
accordance  with  those  of  a  PEMFC.  When  the  gas  mixture 
is  supplied  to  the  anode  side  of  an  electrochemical  cell  using 
a  proton  exchange  membrane  and  direct  current  is  passed 
through  it,  hydrogen  is  ionized  on  the  platinum  catalyst  sites 
in  the  porous,  gas-diffusion  electrode  and  the  resulting  H+ 
protons  are  selectively  transported  through  the  membrane  to 
the  cathode  where  hydrogen  gas  is  evolved.  Pure  hydrogen 
gas  can  be  separated  without  pressurization  and  the  separa¬ 
tion  rate  can  be  easily  controlled  by  the  applied  current. 


2.  Experimental 

2.1.  Membrane  and  electrode  assembly 

Nation  115  (0.127  mm  in  thickness;  ion-exchange  capac¬ 
ity  1.01-1.03  meg/g  dry  membrane)  manufactured  by  Du 
Pont  was  used  as  an  ion-exchange  membrane.  The  mem¬ 
branes  were  cleaned  by  immersion  in  boiling  3%  H2O2  for 
1  h,  and  then  in  H2SO4  for  1  h,  to  remove  any  metallic  impu¬ 
rities.  The  membrane  was  then  rinsed  in  boiling  de-ionized 
water  for  1  h  and  the  procedure  was  repeated  at  least  twice 
to  remove  the  sulfuric  acid  completely.  The  electrodes  were 
supplied  by  E-TEK,  and  contained  0.4  mg  Pt/cm2.  Prior  to 
preparation  of  the  membrane  electrode  assembly,  the  elec¬ 
trodes  were  impregnated  with  Nafion  solution  by  a  brushing 
technique  and  dried  at  80  °C.  After  completing  that  treat¬ 
ment,  the  electrodes  were  assembled  and  hot-pressed  in  com¬ 
bination  with  the  composite  membrane  at  120  °C  and  3 1  for 
3  min. 

2.2.  Cell  test 

Hydrogen,  nitrogen  and  carbon  dioxide  were  combined 
in  a  gas  mixer.  The  hydrogen  composition  was  controlled 
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Fig.  1.  Schematic  diagram  of  single  cell  for  gas  separation. 


from  10  to  90%  and  the  ratio  of  nitrogen  to  carbon  dioxide 
was  1:1.  In  order  to  maintain  high  ionic  conductivity  in  the 
membrane,  the  gas  mixtures  were  humidified  before  entering 
the  cell  by  passing  through  a  humidifier  which  was  held  at 
10  °C  above  the  cell  temperature.  The  cell,  shown  in  Fig.  1, 
was  composed  of  titanium,  two  current-collectors  and  the 
membrane  and  electrode  assembly.  The  surface  area  of  the 
electrode  was  5  cm2. 

The  gas  mixture  was  delivered  to  the  fuel  cell  through  a 
mass  flow  controller  (Teledyne  Hastings  Raydist  Co.).  Di¬ 
rect  current  was  supplied  by  a  power  supply  (6410A,  Hewlett 
Packard)  and  the  separated  gases  were  analyzed  by  gas  chro¬ 
matography  (Hewlett  Packard  5890II).  Experiments  were 
performed  over  a  temperature  range  of  30-70  °C  and  over  a 
feed  pressure  range  of  1-3  atm. 

2.3.  Dijfusivity  measurement 

The  permeability  and  diffusivity  of  hydrogen  and  oxy¬ 
gen  were  determined  by  the  time-lag  technique  [13-16]. 
This  is  a  macroscopic  technique  that  offers  the  advantage 
of  a  relatively  simple  experimental  methodology  and  nu¬ 
merical  interpretation.  The  process  of  permeation  of  gases 
through  a  dense  polymer  is  classically  described  by  the 
solution-diffusion  model,  that  is,  the  gas  is  dissolved  in  wa¬ 
ter  and  it  diffuses  with  water  throughout  the  membrane.  For 
this  reason,  measurements  of  gas  permeability  have  to  be 
carried  out  on  fully-hydrated  membranes. 

A  well-hydrated  membrane  with  a  cross-sectional  area  of 
3  cm2  was  placed  between  the  two  O-rings  of  the  cell.  The 
latter  was  connected  to  a  capillary  tube  in  which  water  can 
move  up  when  hydrated  gas  crosses  the  membrane.  The  dis- 
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placement  of  water  was  measured  with  respect  to  time  and  at 
a  temperature  of  70  °C.  A  steady  state  of  gas  permeation  was 
approached  after  the  decay  of  the  transients.  The  cumulative 
amount,  Q(t ),  of  gas  that  permeated  through  membrane  in 
time  t,  was  found  to  come  close  to  the  line  expressed  by: 


Q  = 


PmAP  x  A 

Z 


(3) 


where  Pm  is  the  permeability  coefficient;  A P,  the  pressure 
difference  across  the  membrane;  A,  the  permeation  area; 
L,  the  thickness  of  the  membrane;  Z),  the  diffusion  coeffi¬ 
cient.  The  permeability  value  can  then  be  obtained  from  the 
quasi  steady-state  part  of  the  process,  i.e.,  the  slope  of  the 
straight  line.  The  diffusion  coefficient  is  easily  calculated 
from  the  initial  transitory  regime,  i.e.,  the  intercept  on  the 
f-axis,  which  is  called  the  time-lag  (9)  and  is  given  by: 


The  solubility,  S,  is  deduced  using  the  relation:  Pm  =  Fig.  3.  Hydrogen  purity  vs.  current  density  for  different  cell  temperatures 

D  X  S.  The  respective  sorption  and  diffusion  contributions  and  operating  pressures  (hydrogen  inlet  composition  50%). 

can  thus  be  split  based  on  a  single  and  rapid  experiment. 


3.  Results  and  discussion 

3.1.  Hydrogen  separation  from  H2/N2/CO2  mixture 

The  voltage-current  characteristics  of  electrochemical  hy¬ 
drogen  separation  at  different  cell  temperatures  and  feed 
pressures  are  shown  in  Fig.  2.  The  relationship  appears  to 
be  linear  for  the  anodic  and  cathodic  reactions  of  hydrogen 
in  the  solid  polymer  electrode.  In  theory,  the  line  should  ex- 


Fig.  2.  Polarization  characteristics  for  different  cell  temperatures  and 
operating  pressures  (hydrogen  inlet  composition  50%). 


trapolate  back  to  0.000  V  at  zero  current,  but  in  the  present 
experiments  the  hydrogen  cathode  is  polarized  by  only  a  few 
millivolts  due  to  a  slight  excess  of  protons  near  the  anode 
[8]. 

The  linearity  of  over  potential  characteristics  suggests 
that,  over  the  whole  range  of  current  density,  the  ohmic  loss, 
i.e.,  electrolyte  resistance  expressed  by  r]r  =  iRr,  has  more 
influence  on  the  electrochemical  hydrogen  separation  than 
mass  transport  loss.  The  latter  results  from  the  change  in 
concentration  of  reactants  at  the  surface  of  electrode.  These 
observations  indicate  that  minimization  of  the  membrane  re¬ 
sistance  is  an  important  factor  in  the  efficacy  of  the  electro¬ 
chemical  separation  method. 

In  one  set  of  experiments,  the  reaction  temperature  was 
varied  from  30  to  70  °C  while  holding  the  cell  pressure 
(1  atm)  and  the  hydrogen  inlet  composition  (50%)  constant. 
The  cell  performance  improved  at  elevated  temperature  since 
the  reaction  activity  of  the  electrode  and  the  conductivity  of 
the  membrane  both  increased. 

In  further  experiments,  the  feed  pressure  was  increased 
while  the  other  parameters  were  kept  constant.  It  was  found 
that  the  performance  was  slightly  improved  as  the  pressure 
was  increased,  which  was  due  to  the  increase  in  the  partial 
pressure  of  hydrogen.  This  implies  that  the  pressure  gradi¬ 
ent  is  not  so  effective  in  an  electrochemical  system  as  in  a 
membrane  separation  system. 

The  relationship  between  hydrogen  purity  and  current 
density  is  illustrated  in  Fig.  3.  At  the  same  temperature  and 
pressure,  hydrogen  purity  is  enhanced  with  increased  in  cur¬ 
rent  density  because,  according  to  Faraday’s  law,  the  proton 
flux  through  the  membrane  increased  while  the  amounts  of 
impurities,  i.e.,  nitrogen  and  carbon  dioxide,  are  not  influ¬ 
enced  by  the  current  density  and  permeate  across  the  mem- 
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Si  = 


Real  Ht  product 
Theoretical  FR  product 


(5) 


Fig.  4.  Product  flux  vs.  current  density  for  different  cell  temperatures  and 
operating  pressures  (hydrogen  inlet  composition  50%). 


brane  without  being  changed.  The  purity  of  hydrogen  is  also 
improved  with  increase  in  cell  temperature  due  to  increase 
in  both  the  activity  of  hydrogen  and  the  conductivity  of  the 
membrane.  By  contrast,  a  decrease  in  hydrogen  purity  is 
observed  with  increase  in  pressure.  This  can  be  explained 
by  the  fact  that  the  amounts  of  nitrogen  and  carbon  dioxide 
that  permeate  through  the  membrane  under  the  influence  of 
the  pressure  gradient  are  more  than  that  of  hydrogen.  The 
permeation  of  impurity  gases  through  membrane  is  propor¬ 
tional  to  the  difference  in  partial  pressure.  The  rate  of  hydro¬ 
gen  extraction  from  the  gas  mixture  at  70  °C  and  1  atm  feed 
pressure  is  shown  in  Fig.  4.  As  mentioned  above,  the  evolu¬ 
tion  rate  obeys  Faraday’s  law.  Increases  in  cell  temperature 
and  feed  pressure  cause  negligible  growth  of  flux. 

In  electrochemical  separation,  the  current  efficiency  is  de¬ 
fined  as  the  ratio  of  electrons  used  for  generating  hydrogen 
and  computed  as  follows: 


The  theoretical  hydrogen  product  is  a  function  of  current 
density  only  and  is  derived  by  assuming  that  the  hydrogen 
is  an  ideal  gas.  At  constant  temperature  and  pressure,  the 
current  efficiency  increases  with  current  density.  The  current 
efficiency  is  also  enhanced  with  cell  temperature  and  operat¬ 
ing  pressure,  because  hydrogen  dissociation,  proton  transfer 
reactivity  in  the  Nafion  membrane  and  the  partial  pressure 
of  hydrogen  all  increase  with  temperature  and  pressure. 

The  voltage  efficiency,  ev,  of  hydrogen  transfer  can  be 
computed  relative  to  the  thermal  energy  contained  in  the 
recovered  hydrogen,  i.e., 

V  (6) 


£v  =  1 


1.484 


In  this  equation,  1.484  V  is  the  voltage  equivalent  of  the 
heat  of  combustion  of  hydrogen.  The  effect  of  temperature 
and  pressure  on  the  voltage  efficiency  is  similar  to  the  effect 
on  polarization  characteristics.  The  changes  in  voltage  and 
current  efficiencies  with  current  density  at  different  temper¬ 
atures  and  pressures  are  shown  in  Tables  1  and  2. 

The  power  efficiency  is  defined  as  s  —  sv  Si  and  exhibits 
a  maximum  because  e,  increases  and  ev  decreases  with  in¬ 
creasing  current  density.  The  results  are  given  in  Fig.  5.  The 
power  efficiency  exhibits  a  maximum  at  about  300  mA  cm-2 
and  this  current  density  is  considered  to  be  an  optimum  value 
with  respect  to  power  consumption. 

3.2.  Effect  of  hydrogen  inlet  composition 

To  investigate  the  influence  of  hydrogen  feed  composi¬ 
tion  on  the  cell  characteristics  and  the  purity  of  product  hy¬ 
drogen,  the  composition  of  the  gases  was  varied  from  10  to 
90%  while  the  other  operating  conditions  (cell  temperature: 
70  °C;  cell  pressure:  1  atm)  were  constant.  The  results  are 
given  in  Fig.  6.  As  the  ratio  of  hydrogen  to  impurities  de¬ 
creases,  the  cell  performance  decreases.  In  other  words,  the 
partial  pressure  of  hydrogen  influences  the  electrochemical 
separation  of  hydrogen. 


Table  1 


Current  efficiency  and  voltage  efficiency  as  a  function  of  current  density  at  different  temperatures 


Current  density  (mAcm  2) 

Current  efficiency  (%) 

Voltage  efficiency  (%) 

30  °C 

50  °C 

70  °C 

30  °C 

50  °C 

70  °C 

too 

70.87 

72.16 

74.74 

96.56 

96.63 

96.77 

200 

84.54 

85.87 

87.19 

93.80 

94.07 

94.95 

300 

91.10 

92.40 

94.13 

90.90 

91.58 

93.26 

400 

91.35 

92.66 

94.64 

87.60 

88.88 

91.44 

500 

92.38 

93.96 

94.75 

84.84 

86.73 

89.49 

600 

93.45 

94.54 

95.41 

82.28 

84.16 

87.60 

700 

93.46 

95.34 

96.09 

79.25 

81.06 

85.38 

800 

94.50 

95.49 

96.15 

75.20 

78.03 

83.29 

900 

94.97 

95.84 

96.28 

70.28 

74.73 

81.60 
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Table  2 

Current  efficiency  and  voltage  efficiency  as  a  function  of  current  density  at  different  feed  pressures 


Current  density  (mAcm  2) 

Current  efficiency  (%) 

Voltage  efficiency  (%) 

1  atm 

2  atm 

3  atm 

1  atm 

2  atm 

3  atm 

too 

74.74 

79.89 

83.76 

96.77 

98.11 

98.85 

200 

87.19 

89.83 

91.15 

94.95 

95.82 

96.83 

300 

94.13 

96.30 

97.17 

93.26 

93.60 

94.68 

400 

94.64 

96.61 

97.27 

91.44 

91.91 

92.32 

500 

94.75 

97.13 

97.66 

89.49 

89.82 

90.16 

600 

95.41 

97.38 

98.25 

87.60 

88.01 

88.61 

700 

96.09 

98.72 

99.10 

85.38 

86.25 

86.73 

800 

96.15 

98.95 

99.61 

83.29 

83.89 

84.16 

900 

96.28 

99.05 

99.78 

79.58 

79.78 

80.19 

The  overpotential  characteristics  of  the  inlet  gases  with 
compositions  from  50  to  90%  are  linear  over  the  whole  range 
of  current  density.  The  resistance  is  predominantly  due  to 
the  flow  of  protons  through  the  membrane,  i.e.,  electrolyte 
resistance.  By  contrast,  the  overpotential  characteristics  of 
10  and  30%  inlet  compositions  display  a  different  tendency 
in  the  high  current  density  region  where  a  decrease  in  hy¬ 
drogen  mole  fraction  in  the  gas  mixture  has  an  effect  on  the 
concentration  loss.  Since  nitrogen  and  carbon  dioxide  gases 
occupy  a  substantial  portion  of  the  reaction  zone,  the  effec¬ 
tive  reaction  area  is  reduced  and  the  dispersion  of  hydrogen 
is  hindered.  This  is  related  to  the  concentration  loss,  i.e., 
the  mass  transport  loss,  and  can  be  express  by  the  Nernst 
equation. 

The  purity  of  hydrogen  as  a  function  of  current  density,  is 
shown  in  Fig.  7.  The  ratio  of  hydrogen  to  impurities  has  no 
effect  on  the  purity  of  the  hydrogen  generated.  This  implies 
that  high  purity  can  be  achieved  from  a  hydrogen-containing 


Fig.  5.  Power  efficiency  vs.  current  density  for  different  cell  temperatures 
and  operating  pressures  (hydrogen  inlet  composition  50%). 


atmosphere  by  only  a  one-stage  process  without  being  af¬ 
fected  by  the  inlet  composition.  The  power  efficiency  is  max¬ 
imum  at  about  300  mA  cm-2  and  decreases  by  only  2-3% 
with  decrease  in  the  proportion  of  hydrogen  in  the  hydro¬ 
gen/nitrogen/carbon  dioxide  mixture. 

3.3.  Hydrogen  separation  by  a  two-stage  process 

Hydrogen  was  separated  from  a  H2/N2/CO2  mixture 
when  the  hydrogen  inlet  composition  was  30%,  through 
a  two-stage  separation  process,  i.e.,  two  single  cells  were 
connected  continuously.  The  ratio  of  nitrogen  and  carbon 
dioxide  was  1:1,  the  cell  temperature  was  70  °C  and  the 
feed  pressure  was  1  atm.  The  dependence  of  hydrogen  pu¬ 
rity  on  current  density  for  the  one-stage  process  is  shown 
in  Fig.  8.  At  900  mA  cm-2,  the  purity  is  98.92%  at  the  first 
stage  and  99.76%  at  the  second  stage.  It  should  be  noted 
that  even  at  a  low  current  density  such  as  1 00  mA  cm'  2, 
the  purity  of  hydrogen  can  be  raised  to  97.39%.  The  purity 


Fig.  6.  Polarization  characteristics  for  different  hydrogen  inlet  composi¬ 
tions  (7  °C,  1  atm). 


H.K.  Lee  et  al.  /  Journal  of  Power  Sources  132  (2004)  92-98 


97 


Fig.  7.  Hydrogen  purity  vs.  current  density  for  different  hydrogen  inlet 
compositions  (7  °C,  1  atm). 

of  hydrogen  can  be  predicted  by  the  relation  between  the 
purity  of  input  gas  and  that  of  output  gas,  as  illustrated  by 
Fig.  9.  The  purity  of  hydrogen  can  be  predicted  by  select¬ 
ing  operating  current  density  for  a  particular  feed  stream. 
At  700  mA  cm-2,  98.6  and  99.73%  of  hydrogen  gas  can  be 
obtained  from  33%  inlet  gas  via  a  one-stage  process  and  a 
two-stage  separation  process,  respectively. 

Permeation  of  nitrogen/carbon  dioxide  through  the  mem¬ 
brane  is  the  major  factor  that  degrades  the  purity  of  hydro¬ 
gen.  Without  changing  the  current  density,  the  volume  of 
gas  permeating  the  membrane  was  measured  under  the  same 


Purity  of  input  H2  (%) 

Fig.  9.  Relation  between  purity  of  input  gas  and  purity  of  output  gas 
(7°C,  1  atm,  feed  H2  purity  30%,  700  mA  cm-2). 


Table  3 

Permeability,  diffusion  and  solubility  of  gases  (70  °C,  1  atm) 


Pm*  (X  109) 

Db  (x  108) 

Sc  (x  102) 

n2 

4.7 

6.20 

7.6 

N2  +  C02 

13 

11.1 

12 

co2 

18 

14.6 

12 

a  Permeability  coefficient  (cm3  cm/(cm2  scmHg)). 
bDiffusivity  coefficient  (cm2  s-1). 
c  Solubility  (cm3/cm3-cmHg). 


Fig.  8.  Product  purity  vs.  current  density  between  first  stage  and  second 
stage  (7  °C,  1  atm,  feed  H2  purity  30%). 


Fig.  10.  Comparison  of  hydrogen  purity  for  different  mixed  gases  at 
70  °C,  1  atm. 
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conditions  of  gas  separation.  Using  time-lag  method,  the  co¬ 
efficient  of  permeation  and  diffusivity  was  calculated.  After 
that,  the  solubility  was  obtained  by  the  above  mentioned  re¬ 
lation  Pm  —  D  x  S.  The  results  are  summarized  in  Table  3. 
The  permeation  volume  of  carbon  dioxide  is  greater  than 
that  of  either  nitrogen  above,  or  the  nitrogen/carbon  dioxide 
gas  mixture.  The  permeability  coefficient  of  carbon  dioxide 
is  18  x  10~9  cm3  cm/cm2  s  cmHg  whereas  the  nitrogen  was 
4.7  x  10-9  cm3  cm/cm2  s  cmHg.  The  results  from  perme¬ 
ation  experiments  are  similar  to  those  of  the  electrochemical 
separation  process,  cfi,  Figs.  10  and  8. 

4.  Conclusions 

Hydrogen  has  been  separated  from  a  hydrogen/nitrogen/ 
carbon  dioxide  gas  mixture  by  an  electrochemical  method 
that  uses  a  proton  exchange  membrane.  The  separation  char¬ 
acteristics,  purity  of  the  product  hydrogen  and  power  effi¬ 
ciency  are  obtained  under  different  operating  cell  temper¬ 
atures  and  feed  pressures.  The  purity  of  hydrogen  can  be 
enhanced  by  a  two-stage  separation  process,  and  the  per¬ 
meation  of  nitrogen  and  carbon  dioxide  has  been  evaluated. 
Cell  characteristics,  hydrogen  purity,  flux  and  efficiencies 
are  all  increased  as  the  cell  temperature  is  raised.  An  in¬ 
crease  in  feed  pressure  causes  increases  in  flux  and  effi¬ 
ciencies,  but  lowers  the  hydrogen  purity.  In  all  cases,  the 
power  efficiency  has  a  maximum  value  at  300mA cm-2. 
High  purity,  viz.,  97.39%,  can  be  achieved  from  a  low  pu¬ 
rity  feed,  viz.,  30%,  through  a  two-stage  separation  pro¬ 
cess  at  100mA cm-2.  The  permeability  of  carbon  dioxide 
is  larger  than  that  of  nitrogen,  so  the  purity  of  hydrogen  is 
influenced  more  by  carbon  dioxide  than  by  nitrogen.  These 
preliminary  studies  demonstrate  that  electrochemical  sep¬ 
aration  is  a  feasible  means  for  the  recovery  of  hydrogen 
as  a  by-product  from  gas  manufacturing  processes  and  of¬ 


fers  advantages  over  the  conventional  route  of  membrane 
separation. 
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